) seasons have been studied. Salinity varied spatially and temporally and seasonally during ebb and flood tide conditions. Water temperature showed a difference of 10
Introduction
Hooghly river (figure 1) is a part of the Ganges and serves as a navigable waterway to Haldia and Calcutta ports. Tidal effect is noticeable in the river up to nearly 200 km from the mouth at Sagar Island. The salinity intrusion is confined to 70 km from the mouth even during the dry season. The tidal variation at the mouth is from 6.1 m at springs to 0.22 m at neaps. The fresh water discharge ranges from a peak value of 4250 m during a dry season (November-May). Normally, the fresh water discharges are regulated from Farakka barrage to maintain water levels at Calcutta (Biswas 1985) .
The estuary is shallow and the average depth is 6 m. Because of shallow depths and intense tidal mixing, Hooghly estuary is a well-mixed type and vertically homogeneous throughout the year except for a short period during southwest monsoon season (June-September) in which the estuary is partially stratified due to high fresh water discharge (Gole and Vaidyaraman 1966) . The large tidal variations, irregular coastal geometry, the presence of islands and the presence of navigational channels separated by shallow zones make the flow quite complicated.
Salinity and circulation in the Hooghly estuary have been reported from numerical models with very limited observations (Gole and Vaidyaraman 1969; McDowell and Prandle 1972; Chatterjee 1978 Chatterjee , 1983 Sinha et al 1995 Sinha et al , 1996 Sinha et al and 1999 . Residual circulation and pollution transport are also studied by Sinha et al (1998) . Recently, Sinha et al (2004) reported sediment transport in the estuary from a breadth-averaged model. Studies on chemical characteristics of the Hooghly estuary are very sparse. Qasim (2003) has reported various aspects of the Hooghly estuary but the information on physical characteristics of the estuary is very sparse.
The main objective of this study is to present the physical and chemical characteristics of the Haldia channel of the Hooghly estuary under different seasons (winter, summer and post-monsoon) covering dry and low discharge conditions. The physical parameters (salinity and currents) which were collected using sophisticated equipment (details are given in the next section) are compared and discussed with those obtained from models.
Data and methodology

Physical characteristics
To study the physical characteristics, data on salinity, temperature and currents have been collected during winter (December 1997-January 1998), summer (May 1998) and post-monsoon (November 1998) seasons and the details are given in table 1. Due to heavy ships traffic and restrictions from the port authorities, our observations are restricted to Haldia channel (about 12 km stretch of the estuary).
Salinity and temperature
Salinity and temperature profiles at 8 stations (shown in figure 1) were collected using SBE 19 Seacat profiler (Make: Seabird Electronics, USA) under flood and ebb tidal conditions during the three seasons mentioned above. CTD data during winter could not be recorded, as there was a problem with the equipment.
Currents
Time series data on currents at 10 min interval were collected at stations 1-3 using RCM-7 current meters (Make; Aanderaa Instruments, Norway). The directional sensor at station 1 did not work during summer and the average direction observed during ebb and flood tide conditions at station 2 are used to compute U component at station 1 during summer.
Longitudinal dispersion coefficient (K x )
Hooghly estuary is shallow with an average water depth column of 6 m. Because of this, Hooghly estuary is a well-mixed type and vertically homogenous. The large tidal variations, irregular coastal geometry, the presence of islands and the presence of navigational channels separated by shallow zones make the flow quite complicated. It is difficult to estimate the dispersion coefficient in a water body. To include all the processes, one should have a detailed knowledge of the estuary. Even though it was planned to collect all the data, it was not possible to do so due to shallow depths especially for dry season (Sinha et al 1996) . The cross sectional area in the upstream has been estimated from the depth contours.
A simple equation suggested earlier (Fischer et al 1979) had been used to compute K x ,
where U f is the average speed of the fresh water into the study area which has been computed by using the fresh water discharge rate and the cross sectional area in the upstream. Average value of salinity at each station under different tidal cycles had been considered to compute the overall average of salinity (S) in the study area. Similarly, average salinity gradient δS/δx has been worked out for the summer and post-monsoon seasons. The period from November to May is considered as the dry season, in which the fresh water discharge is expected to be low.
Coefficient for vertical mixing (ε v )
Depending upon the prevailing environmental conditions and the topography of the water body, the vertical mixing highly varies from region to region. Normally the horizontal mixing will be several times more than the vertical mixing. Here, the coefficient for vertical mixing (ε v ) has been estimated using the formula,
where d is the mean depth of the water column and U * is the friction velocity. U * is taken as 1/10 of the U t as suggested by Fischer et al (1979) . ε v is also computed from a different method (Schwind 1980) . Time series data on salinity and speed fluctuation obtained from the RCM-7 current meter at a fixed location (which is close to station 2, deepest region) for a shorter duration, have been used to compute ε v .
Richardson number (R i )
The local Richardson number (R i ) which indicates the stability of the water column is also important for mixing. The mixing of effluents in vertical also depends upon the stability of the water column.
The formula suggested by Fischer et al (1979) has been used to compute (R i ).
where ∆ρ is the vertical density gradient in the water column and ρ is the average density of the water column. g is the acceleration due to gravity, d is the depth of the water column, and u is the mean tidal velocity. Taking into consideration all of the CTD data collected under ebb and flood tidal cycles, under three different seasons, the average value of R i has been computed.
Meteorological observations
Data on surface meteorological parameters, viz., wind speed, dry bulb and wet bulb temperatures, were collected at different locations, during the observational period. Wind speed was measured by portable anemometer. Dry bulb and wet bulb temperatures were measured by using psychomotor.
Chemical characteristics
Water samples were collected at surface and near bottom depths using Niskin bottles at the eight stations (figure 1) in the Hooghly estuary. The analysis for different chemical characteristics, viz., pH, Dissolved Oxygen (DO), Biological Oxygen Demand (BOD), Nutrients, Total Suspended Matter (TSM) and Petroleum Hydrocarbons (PHC) have been estimated using standard methods (Grashoff 1976).
Results and discussion
Physical characteristics
Salinity and temperature
Salinity distribution in the study area under ebb and flood tide conditions during summer and postmonsoon seasons is presented in figure 2. During summer (dry period), salinity varied from 4.5-6.0 psu and 7.0-13.0 psu under ebb and flood tide conditions, respectively. During post-monsoon season (low discharge) salinity drastically reduced to 0.2-1.2 psu and 1.8-2.4 psu under ebb and flood tide conditions, respectively. Salinity at bottom was higher (2.6 psu) at stations 5 and 6 during the flood tide. Salinity variations with tide at different stations are shown in figure 3. Salinity at station 5 during winter varied from 0.6-2.5 psu and 2.7-10.0 psu during post-monsoon season (figure 3a and b) (please note that the curve in figure 3(a) is not continuous due to an erroneous value at 0300 hrs). At station 8, salinity varied from 1.3-2.7 psu during post-monsoon season (figure 3c). Salinity at station 2 during a tidal cycle on 13.11.98 indicates that it varied from 0.6-2.2 psu. There is not much difference between the salinity at surface and bottom (not shown).
Time series data on temperature and salinity at station 1 during post-monsoon season have been presented in figure 4. Water temperature (T ) fluctuated between 27 and 28
• C during postmonsoon season. Salinity variations with tide could be clearly seen in figure 4(b), which varied from 0.2-2.2 psu and the range during a tidal cycle is about 2 psu.
Depth averaged salinity, temperature and density
The depth averaged salinity, temperature and density (kg m −3 ) under ebb and flood tides during the three seasons are shown in table 2. During winter salinity (estimated from titration method) varied from 1.12-5.44 psu under flood tide conditions. During summer, salinity varied from 3.86-6.68 psu and 7.23-13.3 psu under ebb and flood tide conditions, respectively. There is a drastic fall in salinity from summer to post-monsoon season in which the salinity was only 0.17-1.11 psu under ebb and 1.63-2.6 psu under flood tide and the range is only 1.0 psu under both the cases. Water temperature is 20-21 . It is interesting to note that these values are closer to the value of effective density (= 993 kg m −3 for flood tide condition) which was introduced to measure water levels accurately in the highly turbid waters of Hooghly estuary (Joseph et al 1999) . They noticed that the effective density is less than the bulk density (density of water-sediment mixture) and also less than that of the same water after removal of suspended sediments. The reduction in density of turbid natural waters could be due to the presence of air bubbles in water, dynamic uplift force acting on suspended sediment particles in the water column above the presence of a floc frame work. Suspended particulates experience loss of weight as a result of uplift forces possibly caused by micro turbulence in the flowing water body and/or their rotation (Joseph et al 1997 (Joseph et al , 1999 .
Earlier modeling studies (Sinha et al 1996 (Sinha et al , 1998 (Sinha et al , 1999 computed density (ρ) by using the formula,
where ρ 0 = reference density, β = ratio of fractional change in density for unit change in salinity (= 6.5 × 10
) and S is the salinity. We have computed from the above equation and compared with the density values. It is found that the rms errors between the observed and computed density are 3.44 and 3.74 respectively for winter (dry conditions) and post-monsoon (low discharge) seasons. Using the density values from the 100 CTD profiles in the study area, the reference density (ρ 0 ) from iteration process was estimated as 996.3 and 996.6 kg m −3 for dry and low discharge conditions respectively which gave very low rms error of 0.21. By using the above reference density, the values of ρ computed for any given depth are found to be closer. Hence, we suggest that modelers use ρ 0 as 996.3 and 996.6 kg m −3 respectively rather than 1000 kg m −3 for the dry and low discharge conditions, which may give better results.
Currents
Variation of U (+ve indicates flood current and −ve indicates ebb current) at the three stations, viz., 1, 2 and 3 under the three seasons are depicted in figures 5-7. During winter, at station 1, the maximum during flood and ebb tide was 0.8 m s during ebb tide conditions. At station 3, which is located at the Haldi river mouth, the strength of the current was less when compared with those at stations 1 and 2. The maximum was 1.2 m s During summer, at station 1, the maximum during flood was 0.8 m s E = Ebb tide; F = flood tide; W = winter; S = summer; P = post-monsoon. From the overall data, it is noticed that U is almost double at station 2 during peak flood tide when compared with that at station 1 irrespective of the season even though they are located only 500 m (approx.) apart. This suggests that currents are highly variable laterally in this Haldia channel.
Longitudinal dispersion coefficient (K x )
The average value of K x for the study area in summer was 757 m . This value appears to be reasonable for the study area. Sinha et al (1996) reported that the value of K x in Hooghly estuary varies between 500 and 1200 m . From this it can be inferred that the present value based on systematic measurements of CTD and currents appears to be reasonable. For Godavari estuary, the value of K x for post-monsoon and pre-monsoon were reported 1510 m respectively (Jyothi et al 2000) .
Vertical eddy diffusion coefficient (ε v )
The value of ε v is estimated at 0.028 m 2 s −1 from the method suggested by Fischer et al (1979) while from a different approach (Schwind 1980 . It is interesting to see there is a close agreement between the two values. The average value of R i is of the order of 0.1, which indicates highly unstable conditions in the study area. This further supports the intensive vertical mixing.
Comparison between the parameters observed and computed from models
The observed currents at station 2 during winter and summer (figures 4 and 5) are comparable with computed currents at station 2 (Haldia) at surface with schemes 1 and 2. Salinity variations and magnitude observed at station 5 during winter season (figure 3a) are comparable with the estimated salinity from scheme I at station 2. Salinity distribution during flood and ebb tide conditions respectively in the estuary. Our present value with the limited data collected at the same region is about 337 cm
, which is one order higher than the above value. However, this has to be confirmed with more data sets. The value of K x is 784 m assumed in the model to study the pollution transport (Sinha et al 1998) . Table 4 shows the average values of surface meteorological parameters under the three seasons. Dur- ) indicates the possibility of strong mixing of pollutants in the estuary. Absence of vertical gradients in temperature and salinity at different locations, under flood and ebb tide conditions also support strong vertical mixing in the study area. used in the modeling study by Sinha et al (1998) .
Surface meteorological observations
Chemical characteristics
Variations in chemical characteristics during different seasons in the study area are depicted in figure 8 .
pH varied between 8. 05 and 8.18; 8.12 and 8.28 and 7.87 and 8 .09 during winter, summer and post-monsoon seasons, respectively in the study region. Vertical gradient in pH is almost negligible.
DO in surface and bottom waters did not vary much (4.51-5.07 ml l −1 ) during winter and summer (5.07-5.75 ml l −1 ) and small changes, however (4.97-6.21 ml l −1 ) were recorded during post-monsoon season. This suggests well mixed conditions in the estuary. Relatively higher oxygen concentrations in winter and post-monsoon seasons showed the flow of freshwater wherein oxygen solubility is greater. It is apparent from the data that oxygen concentration was controlled by hydrographical parameters (temperature and salinity) in association with physical and biological processes in the estuarine environment.
BOD 5 values ranged between 0.67 and 4.17 mg l −1 during winter; summer and postmonsoon seasons, are considered to be lower than the threshold limits (< 5.0 mg l −1 ) and may not pose any threat to the aquatic environment. The estuarine environment is highly turbid and suspension of particles from sediments due to tidal and wave actions is very high. This was evident from high concentrations of total suspended matter (TSM) in surface waters during winter (272 to 782 mg l local drain through fresh water run off while lowest concentrations are noticed in summer. Homogenous concentrations of nutrients in both surface and bottom waters showed that the estuary is well mixed and less stratified. High concentrations of nutrients noticed in the study region may be due to sewage from the adjacent township of Haldia refinery and industrial wastewater discharges from the upstream (Khan 1995) and also the addition of these nutrients in the catchment area. These values show the severe pollution load in the Hooghly estuarine system during recent times as evidenced from the total quantity of waste discharged (industrial and municipal) estimated as 1153.8 mld reported by Ghosh (1973) and Khan (1995) . The results indicated that all nutrients show seasonal variation and also that the impact of external sources were noticed in the study region (figure 8). In general, nutrient concentrations are low during summer compared to the other two seasons and the impact of pollutants load through run off is noticed during the post monsoon season compared to the dry season (summer). Further seasonal variation in these nutrients was attributed to the intake of nutrients by biota and the replenishment of nutrients under different seasons coinciding with blooms of diatoms reported during post-monsoon and early pre-monsoon (November to April) when nutrients were abundant (Santra and Pal 1989; De et al 1991a De et al , 1991b in the Hooghly estuary. Hence the involvement of these nutrients in biogeochemical cycles is evidenced from these seasonal variations. Figure 9 depicts the tidal variation of nutrients in different seasons at stations 5 and 8, which clearly indicate the impact of tide and fresh water during ebb tide in all the seasons. The scatter plot (figure 10) shows the non-linear relationship between salinity and silicate in the estuary during the period of our observations. The correlation coefficient is −0.67 (significant at > 99% level) which indicates the input of fresh water into this estuary. Silicate values resembling the salinity structure indicate that the aquatic environment under study is a typical tropical estuarine environment. Petroleum hydrocarbons (PHC) in the present study varied between ND and 89 µg l −1 with highest concentrations during winter and lowest in summer. Similarly phenols ranged between ND and 63.8 µg l −1 (table 5) . The concentrations of PHC and phenols in the study area are comparable with those reported earlier in estuaries of the west coast of India (Qasim 2003) .
Summary
Physico-chemical characteristics of the Haldia channel of Hooghly estuary have been studied during winter, summer and post-monsoon seasons. Salinity at surface varied from 3.88-6.68 psu under ebb tide conditions and 7.23-13.3 psu under flood tide conditions during summer. Salinity values are lower (0.17-1.11 psu and 1.63-2.60 psu under ebb and flood tidal conditions, respectively) during post-monsoon season.
Strong currents exceeding 100 cm s during post-monsoon season. In the study area, the reference density is suggested as 996.3 and 996.6 kg m −3 for dry and low discharge conditions for modeling circulation in the estuary.
Values of pH, DO and BOD are within the threshold limits of the estuarine environment. In spite of high concentrations of nutrients, seasonal variation of these parameters attributed to the biological intake and replenishment of nutrients coinciding with phytoplankton blooms showing their involvement in the biogeochemical cycle. High values (160-2686 mg l −1 ) of TSM were noticed both at the surface and bottom in the study region showing the impact of fresh water and sediment transportation.
